Spinal interneurons modulating motor output are highly diverse but surprisingly arise from just a few embryonic subgroups. The principles governing their development, diversification, and integration into spinal circuits are unknown. This study focuses on the differentiation of adult Renshaw cells (RCs) and Ia inhibitory interneurons (IaINs), two subclasses that respectively mediate recurrent and reciprocal inhibition of motoneurons from embryonic V1 interneurons (V1-INs). V1-INs originate from p1 progenitors and, after they become postmitotic, specifically express the transcription factor engrailed-1, a property that permits genetic labeling of V1 lineages from embryo to adult. RCs and IaINs are V1 derived, but differ in morphology, location, calcium-binding protein expression, synaptic connectivity, and function. These differences are already present in neonates, and in this study we show that their differentiation starts in the early embryo. Using 5Ј-bromodeoxyuridine birth dating we established that mouse V1-INs can be divided into early (E9.5-E10.5) and late (E11.5-E12.5) groups generated from the p1 domain (where E is embryonic day). The early group upregulates calbindin expression soon after becoming postmitotic and includes RCs, which express the transcription factor MafB during early differentiation and maintain calbindin expression throughout life. The late group includes IaINs, are calbindin-negative, and express FoxP2 at the start of differentiation. Moreover, developing RCs follow a characteristic circumferential migratory route that places them in unique relationship with motor axons with whom they later synaptically interact. We conclude that the fate of these V1-IN subclasses is determined before synaptogenesis and circuit formation by a process that includes differences in neurogenesis time, transcription factor expression, and migratory pathways.
Introduction
Complex interactions between many interneurons (INs) endow local circuits in the brain and spinal cord with significant computational power. Despite their relevance, there is little information about mechanisms that differentiate IN phenotypes and determine their connectivity and integration into local circuits during development. A remarkable example is the mammalian spinal cord locomotor circuit, which is responsible for sculpting motor outputs that select different muscle synergies according to movement speed and type. Mammals show great variety and flexibility of motor patterns, allowing them to accomplish many different tasks. Not surprisingly, there is a large diversity of spinal INs classified according to connectivity, function, neurochemical phenotype, and embryological origin (Jankowska, 1992; Kiehn, 2006; Goulding, 2009; Brownstone and Bui, 2010) .
These diverse INs arise from just 10 progenitor cell types with restricted competences to generate unique groups of embryonic INs (dorsal dl1-6 and ventral V0 -3 INs: Ericson et al., 1997; Goulding et al., 2002) . Each of these canonical IN subtypes are conserved phylogenetically and share fundamental properties, such as location, axon primary direction, and neurochemical phenotype (Grillner and Jessell, 2009; Goulding, 2009) . In zebrafish, there is a good correspondence between embryonic subtypes and mature categories of spinal INs (Fetcho and McLean, 2010) ; however, in the adult mammalian spinal cord there is a larger diversity. It has been proposed that this is the result of evolutionary pressures toward functional specialization during transition from swimming to terrestrial locomotion (Fetcho and Bhatt, 2004; Alvarez et al., 2005; Goulding, 2009; Grillner and Jessell, 2009 ). For example, embryonic V1 interneurons (V1-INs) generate one type of multifunctional IN in zebrafish and tadpoles Li et al., 2004) but several more specialized subtypes in mammals (Sapir et al., 2004; Alvarez et al., 2005) . Mammalian V1-derived INs include Renshaw cells (RCs) and some Ia inhibitory interneurons (IaINs) that share common core properties of V1 INs, like extending inhibitory ascending ipsilateral axons. Adult RCs and IaINs differ, however, in function and connectivity and are respectively responsible for establishing recurrent and reciprocal inhibitory circuits with motoneurons (Renshaw, 1946; Eccles et al., 1954 Eccles et al., , 1956 .
The mechanism that diversifies embryonic subtypes into the variety of adult INs is an unresolved question. Embryonic V1-INs express the transcription factor engrailed-1 at the onset of postmitotic differentiation, and this has allowed development of animal models to label V1-lineages throughout development (Matise and Joyner, 1997; Saueressig et al., 1999; Sapir et al., 2004) . In neonates, several subclasses of V1-derived INs, including RCs or IaINs, are recognizable according to morphology, connections, and expression of calcium-buffering proteins Siembab et al., 2010) . Moreover, reciprocal and recurrent inhibition can be functionally demonstrated in late embryos and neonates in mice (Sapir et al., 2004; Wang et al., 2008) and humans (Mc Donough et al., 2001 ). The advanced phenotypic and functional segregation of V1-INs in newborns implies an earlier embryological differentiation program. The purpose of this study was to determine when and by which mechanisms V1-INs differentiate and ultimately generate subtypes like RCs and IaINs.
Materials and Methods

Animal models
All animal procedures were carried out according to NIH guidelines and were approved by the Wright State University Animal Use Committee (Dayton, OH). Three animal models were used in this study to identify V1-interneurons in embryos or postnatally. Cre/lox recombination was used to express reporter genes (LacZ, YFP, and tdTomato) in cells derived from engrailed-1-expressing V1-INs (Sapir et al., 2004) . Animals were obtained by crossing En1
Cre/ϩ heterozygotes (Sapir et al., 2004 ) with three different reporter mouse lines: Tau-lox-STOP-lox-mEGFP-IRES-NLS-LacZ mice (Tau-mEGFP-LacZ; Hippenmeyer et al., 2005) , Thy1-lox-STOP-lox-EYFP mouse line (Thy1-YFP; Feng et al., 2000; Buffelli et al., 2003) , and CAG-Rosa26-lox-STOP-lox-tdTomato-WPRE (R26-tdTomato, The Jackson Laboratory stock number: 007908; B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J). V1-IN labeling using the Tau-mEGFP-LacZ and Thy1-YFP reporter lines have been described previously (Siembab et al., 2010) . In the R26-tdTomato line V1-INs were visualized "naked" (that is, without immunocytochemical amplification), and the number of V1-INs per ventral horn were similar to those obtained when using the Tau-mEGFP-LacZ line. These numbers are always higher than when using the Thy1-YFP reporter, because the known mosaicism of expression imposed by the Thy1 promoter region (Feng et al., 2000) . Nevertheless, the particular Thy1 line used here (line 15; The Jackson Laboratory stock: 005630; B6.Cg-Tg(Thy1-EYFP)15Jrs/J) results in a large number of V1-INs labeled (ϳ75%; Siembab et al., 2010) . In Tau-mEGFP-LacZ animals we only revealed the LacZ protein product ␤-galactosidase (␤-gal), which is restricted to the nucleus by a nuclear localization signal. All animals were bred in the Wright State University animal facilities, and resulting litters were genotyped using standard tail PCR.
Timed pregnancies: hormonal treatment
Pregnancies were facilitated by hormonal injections in females, and mating time schedules were restricted to better determine embryonic ages. Pregnant mare serum gonadotropin (Calbiochem), was injected on day 1 to induce follicular development, and 48 h later human chorionic gonadotropin (CG-10, Sigma) was injected to induce ovulation. Both hormones were injected intraperitoneally (i.p.; 5.0 IU). The females were caged with the males 6 h after the last hormone injection and before the beginning of the dark period (8:00 P.M.) to ensure fertilization. The next morning (8:00 A.M.) vaginal plugs were checked. A positive plug was considered E0.5. However, since the exact time of mating is unknown this procedure has an approximate Ϯ 12 h error. Moreover, within single litters embryos could differ by 6 -12 h in development after staging based on external features (Atlas of Mouse Development; Kaufman, 2004) .
Tissue preparation
Mice pups of different postnatal (P) ages (P0, P5, and P15) were anesthetized with Euthasol (2.0 g/g i.p.) and perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB). After perfusion, the spinal cords were dissected, postfixed in 4% paraformaldehyde overnight, and cryoprotected in 0.1 M PB, pH 7.4, with 30% sucrose and 0.01% sodium azide. Mouse embryos were extracted from similarly perfused pregnant mothers and fixed in toto overnight and then cryoprotected in 30% sucrose.
Bromodeoxyuridine birth-dating experiments
5-Bromo-2Ј-deoxyuridine (BrdU; Sigma-Aldrich) was injected i.p. at a dose of 60 mg/kg weight in timed pregnant females. NeuN labeling of P15 spinal cords in resulting litters indicated that the dose chosen for this study did not produce alterations in the size of the gray matter or cell numbers, suggesting normal spinal cord neurogenesis and morphogenesis (data not shown). The analyses reported were obtained from 11 pregnant females that were successfully injected at gestation days 9.5, 10.5, 11.5, 12, or 12.5 after crossing with appropriate males to generate in the litter animals that were either En1-Cre/Thy1-YFP or En1-Cre/TaumEGFP-LacZ. Fourteen En1-Cre/Tau-LacZ and 10 En1-Cre/Thy1-YFP animals from these pregnancies were raised until P15. We analyzed three animals per age in the En1-Cre/Tau-mEGFP-LacZ line [except for embryonic day (E) 12.5 in which two animals were analyzed] and two animals per age in the En1-Cre/Thy1-YFP. Further animals and pregnancies not included in the study were discarded because either they produced no BrdU labeling, or controls suggested errors in estimation of pregnancy dates (see next page, Controls).
Immunohistochemistry. Fifty-micrometer-thick transverse spinal cord sections from P15 animals treated with BrdU in embryo were obtained in a freezing, sliding microtome from the upper (2 and 3) and lower (4 and 5) lumbar segments and processed free floating. LacZ expression in En1-Cre/ Tau-LacZ animals was revealed with antibodies against ␤-galactosidase. The sections were quadruple immunostained for calbindin, parvalbumin, ␤-gal, and BrdU. Sections from En1-Cre/Thy1-YFP spinal cords were triple immunolabeled for calbindin, yellow fluorescent protein (YFP), and BrdU. Yellow fluorescent protein was detected using a cross-reacting antibody originally raised against green fluorescent protein (GFP). The primary antibodies used and their specificities are summarized in Table 1 . Immunoreactive sites for ␤-gal were revealed with a biotinylated donkey anti-chicken antibody (1:100; Jackson ImmunoResearch) followed by Alexa Fluor 405-conjugated streptavidin (Invitrogen). All other immunoreactions were revealed with speciesspecific donkey-raised secondary antibodies coupled to appropriate fluorochromes (dilution, 1:100; Jackson ImmunoResearch). In preliminary experiments, we found that treatments to reveal BrdU immunoreactivity damage antigenicity for calbindin, parvalbumin, ␤-gal, and YFP, and therefore these immunostains were performed before BrdU immunostaining.
For BrdU immunolocalization the DNA was denatured with increasing concentrations (1-2N) of hydrochloric acid (HCl) at increasing temperatures (4°C to 37°C). The acid was neutralized at room temperature with borate buffer (0.1 M), and the sections were transferred to PBS and incubated overnight with a rat anti-BrdU monoclonal antibody (Table  1) . BrdU immunoreactivity was revealed with cyanine 3 (Cy3)-coupled secondary antibodies (1:100; Jackson ImmunoResearch). After washing, the sections were mounted on slides and coverslipped with Vectashield (Vector Laboratories).
Analysis. The sections were imaged "live" with a digital color camera (Microfire CCD, Optronics) coupled to an epifluorescence BX50 Olympus microscope and Neurolucida system (MicroBrightField) with a motorized stage (Ludl Electronics) and z-axis encoder. V1-INs with or without calbindin or parvalbumin that incorporated BrdU at each embryonic age were counted and their positions plotted on outlines of the spinal cord sections. To identify YFP-V1 INs receiving calbindin contacts (i.e., IaINs), we obtained higher resolution confocal images (at 10ϫ, 20ϫ, and 60ϫ) using an Olympus FV100 system. Image confocal stacks were fed into Neurolucida for counting and plotting. We analyzed 10 ventral horns per animal in lower and upper lumbar levels. From the Neurolucida plots we estimated the following: (1) the percentage of V1 INs labeled with BrdU in Thy1-YFP and Tau-LacZ animals (n ϭ 4 -5 animals per age); (2) the percentage of calbindin-or parvalbuminimmunoreactive V1 INs that incorporated BrdU at each embryonic age in the Tau-LacZ line (n ϭ 3 animals per age); and (3) the percentage of V1-derived RCs and IaINs with BrdU detected in the Thy1-YFP line (n ϭ 2 animals per age). The data are presented as average percentages from the individual animal estimates if n Ն 3 or by presenting the individual animal estimates (obtained from n ϭ 10 ventral horns) when only 2 animals were analyzed. Averages were compared using one-way ANOVA, and pairwise comparisons were performed using post hoc Tukey tests (SigmaStat version 2.0, Jandel Scientific Software). Significance was set at p Ͻ 0.05.
Controls. To confirm that BrdU injections were delivered at the correct times in pregnant females, we analyzed the dorsoventral distribution of BrdU labeling in different groups of choline acetyltransferase (ChAT)-immunoreactive neurons. The spinal cord at thoracic levels contains five groups of cholinergic neurons of known birth dates (Barber et al., 1984 Phelps et al., 1988 Phelps et al., , 1991 . Thoracic spinal cord sections from all the animals used in the study and their littermates were immunolabeled with antibodies against ChAT (Table 1 ) and revealed with FITC-conjugated secondary antibodies (as described above) followed by BrdU immunolabeling. Litters in which BrdU was incorporated into the wrong cholinergic group according to the estimated time of injection were discarded.
Early postnatal and embryo analyses
Six En1-Cre/Thy1-YFP animals at P5 and five at P0, as well as three En1-Cre/Tau-LacZ P0 animals, were used to quantify transcription factor expression in early postnatal V1-INs. In addition, 12 timed pregnant females were used to generate litters containing En1-Cre/Tau-LacZ (four litters) and En1-Cre/R26-tdTomato (eight litters) for similar analyses in embryo. At the appropriate gestation times (E9.5-E12.5) the embryos were removed from pregnant females and fixed in toto as explained above. Postnatal and embryonic spinal cords were cut in a cryostat at 20 m thickness and collected in subbed slides. Slides were stored at Ϫ20°C until processed. In addition we analyzed sections from En1-Cre/Thy1-YFP and En1-Cre/Tau-LacZ late embryos (E15.5, E17.5).
For transcription factor analyses the sections were triple or quadruple immunolabeled for different antibody combinations against YFP, ␤-gal, calbindin, VGLUT1, MafB, and FoxP2 (Table 1 for antibody details). tdTomato labeling was always visualized naked. For postnatal analyses 10 ventral horns were plotted in Neurolucida to investigate the localization and percentages of MafB and FoxP2-immunoreactive V1-INs. For these analyses a total of nine En1-Cre/Tau-LacZ embryos were used at three embryonic stages (E10.5, n ϭ 2, from one litter; E11.5, n ϭ 2, from one litter; E12.5, n ϭ 5, from two litters) and 21 En1-Cre/R26-tdTomato embryos at five embryonic ages (E9.5, n ϭ 3, from one litter; E10.5, n ϭ 4, from two litters; E11.5, n ϭ 7, from two litters; E12, n ϭ 4, from two litters; and E12.5, n ϭ 3, from one litter). For analyses of the embryonic locations of V1-INs and calbindin-IR neurons, we analyzed sections from E10.5 (n ϭ 4 embryos from 2 litters), E11.5 (n ϭ 7 embryos from 2 litters), E12 (n ϭ 4 embryos from 2 litters), and E12.5 (n ϭ 2 embryos from 1 litter) embryos that were immunoreacted with antibodies against calbindin combined with either islet-1 or Tuj1 monoclonal antibodies. Immunoreactive sites were revealed as described above and imaged with confocal microscopy and analyzed using Fluoview software (Olympus).
Figure composition
All images for presentation were obtained with an Olympus FV1000 confocal microscope and processed with Image pro Plus (version 7.0, Media Cybernetics) for optimization of image brightness and contrast. Figures were composed using CorelDraw (version 12.0) and graphs in Sigma Plot (version 9.0, Jandel Scientific Software).
Results
V1
-derived interneurons can be divided into two groups according to the time they are generated Time of neurogenesis is an important factor that produces neuronal diversity in many regions of the CNS (Cepko et al., 1996; Kimura et al., 2006; Butt et al., 2007; Rakic, 2009) . We analyzed the time that V1 neurons exit the progenitor cell cycle and become postmitotic (i.e., their "birth dates") by pulse-labeling embryos at different ages with a single injection of BrdU delivered to timed-pregnant females (Miller and Nowakowski, 1988 ; also see Materials and Methods). Analyses were carried out at P15, a postnatal time at which many phenotypic features of V1-derived subgroups are well established (Siembab et al., 2010) .
Previous embryonic analyses suggested that V1-INs exit the progenitor zone and start to differentiate between embryonic days 9 and 12 (E9 -E12) (Matise and Joyner, 1997; Saueressig et al., 1999) . In preliminary experiments (data not shown) we confirmed that no V1-INs incorporated BrdU at E13 and E14; therefore, we pulse labeled with BrdU embryos at E9.5, E10.5, E11.5, E12, and E12.5. BrdU incorporation was analyzed in V1-INs identified in En1-Cre/Tau-mEGFP-LacZ and En1-Cre/Thy1-YFP animals ( Fig. 1 A, B) . Overall, we confirmed, using BrdU, a ventrolateral to dorsomedial gradient in neuronal generation of spinal neurons similar to that described in previous studies of rodent and human spinal cords using [H 3 ]thymidine birth dating Das, 1974, Nornes and Carry, 1978; Altman and Bayer, 2001 ). Motoneurons and many ventral and lateral INs were more frequently labeled with BrdU at E9.5 and E10.5 ( Fig.  1 A, E) . At E11.5 and E12.0 (Fig. 1 B) there are progressively fewer strongly labeled INs in the ventral horn and more in the dorsal horn. Neurons in the dorsal horn superficial laminae were primarily labeled at E12.5, and at this age very few cells were labeled in the ventral horn (Fig. 1 F) . Labeling specificity was tested in knock-out tissues for calbindin, parvalbumin, and VGLUT1 antibodies or in tissue sections lacking non-native molecules like ␤-gal, YFP, and BrdU (data not shown). Immunoreactivity for the transcription factors MafB, Islet1, and FoxP2 was compared to in situ hybridization data and to previous reports using different antibodies (see text for references). There was a perfect match between reported distribution of cells expressing these transcription factors and our immunocytochemistry. NeuN labeling is the result of immunoreactivity for the monoclonal antibody A60 (Mullen et al., 1992) , which was recently shown to specifically recognize the transcription factor Fox-3 in paraformaldehyde-fixed sections (Kim et al., 2009 ). The monoclonal antibody TuJ1 recognizes epitopes in exclusively class III ␤-tubulin isotypes. These are present in neurites of undifferentiated neurons, and here we used the immunoreactivity to mark the localization of ventral roots.
BrdU-labeled neurons showed either strong or weak incorporation of BrdU in their cell nuclei (Fig. 1C,D) . We defined strongly labeled neurons as those with labeling covering Ͼ50% of their nucleus and weakly labeled neurons as those with lesser amount of labeling, frequently just speckles. Strongly labeled INs were interpreted as those that exit the cell cycle immediately after incorporating BrdU in S phase. Weakly labeled neurons could be the result of late S-phase incorporation (Ferreira et al., 1997) , BrdU dilution after one or more cycles of cell division and DNA replication or lowering concentrations of BrdU through body clearance (BrdU is metabolized by the liver with a half-life of 2 h in the adult animal). Finally, DNA repair events can also result in Siembab et al., 2010) . Percentages of BrdU-labeled cells were consistent between lines, and therefore the data from animals in both lines were pooled together. The results show two peaks of V1 generation at E10.5 and E12 in both upper and lower lumbar segments and very few cells incorporating BrdU at E12.5. ANOVA comparisons indicated significant differences among the ages ( p Ͻ 0.001), and post hoc pairwise analyses (Tukey test) showed significant differences ( p Ͻ 0.05) as indicated by asterisks. BrdU incorporation in V1-INs at E10.5 always shower higher variability than at the other ages and did not reach significance in upper lumbar segments compared to E9.5 ( p ϭ 0.1, Tukey's test). weak labeling (Taupin, 2007; Packard et al., 1973) . Thus, weakly labeled neurons are open to several interpretations, and for this reason we analyzed only neurons with "strong" BrdU labeling. By these criteria, only a small percentage of V1-INs was counted at each stage (around 25% of the whole V1 population when adding all five ages analyzed). These small percentages are to be expected because of the brief period of availability of BrdU to dividing cells after a single injection (around 2 h). In contrast, when counting weakly labeled cells we obtained in excess of 100% of the population across all five ages, suggesting significant labeling overlaps between the ages (data not shown). Counting only strongly labeled cells after a single brief BrdU pulse thus permits greater accuracy, but also results in fewer cells labeled and higher variability during stages with rapid changes in the speed of cell generation.
To ensure that estimated pregnancy and embryonic timings for BrdU pulse labeling were accurate, we also analyzed BrdU labeling of different types of cholinergic neurons in the thoracic spinal cord of all the animals (i.e., carrying or not carrying genetically encoded V1 markers) generated in the litters used in the study (see Materials and Methods). Animals were included in the study only if they showed strong BrdU-labeled cholinergic neurons at thoracic levels (data not shown) in the relative proportions expected from the known birth dates for each subgroup of cholinergic neurons (Barber et al., 1984; Phelps et al., 1988) . Also note that there is an unavoidable Ϯ0.5 d variability in the estimation of embryonic times (see Materials and Methods). This variation needs to be taken into account when interpreting overlaps in generation times between different populations (see below).
We compared the proportions of V1-INs that contained strong BrdU labeling, not only at different embryonic times but also in upper lumbar (L2 and L3 segments) and lower lumbar regions (L4 and L5) because of the possibility of differences in the types of INs derived from the V1 group in different segments and the possibility of rostrocaudal differences in neuron generation times. The results suggest a biphasic generation of V1-INs in which significant peaks of V1 generation appear at E10.5 and E12 ( Fig. 1G,H ; p Ͻ 0.001 ANOVA; p Ͻ 0.05 post hoc Tukey test pairwise comparisons; n ϭ 4 -5 animals analyzed at each age). Based on results shown below, this pattern is best interpreted as an early phase of V1 neurogenesis starting at E9.5 and peaking at E10.5, and a second late phase that starts at E11.5 and peaks at E12. There was higher interanimal variability with injections delivered at E10.5 than at any other age. Very few V1-INs incorporated BrdU at E12.5. The timing of V1-IN generation was similar in both mouse lines and when comparing upper and lower lumbar segments.
In a previous report it was suggested that in zebrafish, excitatory V2a INs recruited during fast or slow locomotion are located at different dorsoventral positions in the spinal cord and are generated at different times (Kimura et al., 2006) . To test the possibility that V1-INs generated at different times are segregated dorsoventrally, we created Neurolucida cell plots of the location of BrdU-labeled V1-INs in the thoracic spinal cord, a region that best preserves the original embryonic dorsoventral relations in the mature (P15) spinal cord (data not shown). The ventral horn was divided in five dorsoventral bins of 100 m thickness each, and the numbers of V1-derived IN profiles containing strong BrdU in each dorsoventral bin were calculated. The most ventral V1-INs in the thoracic cord were generated only at the earliest embryonic time (E9.5), and Ͼ80% of the few V1-INs with strong BrdU incorporated at E12.5 were located in the more dorsal bin. At other dorsoventral bins and embryonic ages there was no clear or consistent dorsoventral localization pattern for V1-INs. In summary, although there is a tendency for ventral V1 INs to be generated early and dorsal V1-INs to be generated late, there was no strict dorsoventral positioning of V1-INs according to birth date in the mature spinal cord. Analyses in embryo shown below demonstrate substantial intermixing of early and late generated neurons, which is not the case for fish interneurons, which have limited migration capability. Thus, there is a greater disruption of positional orders according to birth date in the mouse spinal cord during embryonic development. V1-derived interneurons expressing different calcium buffering proteins at P15 are generated at different embryonic times V1-INs can be subdivided into various groups according to calbindin and parvalbumin expression Siembab et al., 2010) . In quadruple immunostained sections from En1-Cre/Tau-LacZ animals ( Fig. 2 A-D) , the majority of V1-INs that express calbindin at P15 incorporated BrdU preferentially between E9.5 and E10.5 in both upper and lower lumbar levels (Fig. 2 E, G-I ). Three groups of calbindin-IR V1-INs were distinguished. Strongly immunoreactive small neurons located ventrally correspond with RCs ( Fig. 2C ,E; Alvarez and Fyffe, 2007) . A second group consists of a few (1-3 cells per section) large calbindin-IR V1-INs located dorsally in LVII and present preferentially in upper lumbar 2 and 3 segments (Fig. 3C,G) . Finally, a third group corresponds with small and weakly immunoreactive V1-INs scattered through the ventral horn at all lumbar levels (data not shown; see Alvarez et al., 2005) . This latter group appears to correspond to the group that undergoes calbindin downregulation postnatally (see Siembab et al., 2010) . V1-INs expressing only parvalbumin at P15 (some Renshaw cells express calbindin and parvalbumin at this age; see Alvarez et al., 2005) are located mostly in lateral lamina VII at all dorsoventral levels ( Fig.  2 D, F ; see also Alvarez et al., 2005) . They appear more heterogeneous and were not classified in discrete groups according to morphology and/or location. They are also generated in a broader temporal window. Few incorporated BrdU at E9.5 or E12.5, while most incorporated BrdU from E10.5 to E12 (Fig.  2 H, I ).
The results shown in Figure 2 show greater variability in the percentage of calbindin-IR cells, including RCs, labeled by BrdU at E9.5 (and to a lesser extent at E10.5) compared to other groups. In addition to the unavoidable small number in these experiments (n ϭ 3 animals per age and around 100 calbindin-IR V1 cells analyzed per animal; see Fig. 2 legend for sample details), there might also be a fundamental biological explanation for this larger variability. As suggested later by the embryo analyses, RCs cells and perhaps other groups within the early born population, appear to be generated during relatively short time windows. Given the error in estimating pregnancies (12 h; see Materials and Methods) and the brief availability of BrdU (2 h), small differences in the timing of injections would result in large differences in the number of labeled cells during periods in which generation of particular cell types rapidly changes. The results for RCs were confirmed in different animals in a following experiment.
In summary, calbindin-IR V1-INs constitute discrete subgroups of early generated V1-INs, while parvalbumin-IR V1-INs appear more heterogeneous and are usually generated later and through a wider period of neurogenesis. 
V1-derived Ia inhibitory interneurons are generated at late embryonic ages
A subgroup of parvalbumin-IR V1-INs was previously identified as IaINs based on the presence of convergent inputs from calbindin-IR RC axons and parvalbumin/ VGLUT1-IR sensory proprioceptive axons Siembab et al., 2010) . The results described above suggest a late generation for V1-derived IaINs; however, parvalbumin expression alone does not define IaINs (Siembab et al., 2010) . To directly analyze V1-derived IaINs, we selected V1 neurons receiving dense proximal innervations by V1-derived RCs (Siembab et al., 2010) . To our knowledge, IaINs are the only ventral IN subtype known to receive significant projections from RCs (Jankowska, 1992) . To identify IaINs according to synaptic inputs, we took advantage of the excellent depiction of somatodendritic surfaces and axons in En1-Cre/Thy1-YFP mice (Fig. 3A-F ) . V1-derived IaINs were identified in these animals as YFP-positive cells receiving a dense innervation on their somata and proximal dendrites from axons that were YFP (V1) and calbindin positive (V1-RCs). These cells are also contacted proximally by a high density of VGLUT1-IR proprioceptive synapses (see below and Siembab et al., 2010). As explained previously (Siembab et al., 2010) , these criteria allow identification of an IN group that corresponds with IaINs, but we cannot estimate the exact percentage of IaINs detected because of the lack of other independent markers for this cell type.
In these sections we directly compared the amount of BrdU incorporation at different embryonic ages in V1-derived YFPlabeled RCs and in identifiable V1-derived YFP-positive IaINs in the same P15 ventral horns (Fig. 3G,H ) . Almost no V1-derived IaINs incorporated BrdU at E9.5 or E12.5 (n ϭ 2 animals at each age; in Figure 3 , G and H, each bar represents one animal; lack of bars indicates no cells found BrdU labeled; see figure legend for sample details). The numbers of V1-IaINs strongly labeled with BrdU increased from E10.5 to E11.5 and E12, being the maximum percentage detected at E12. The values were consistent between the two animals analyzed at each age. The early generation, larger variability in BrdU incorporation, and percentages of BrdU-labeled calbindin-IR V1 RCs described above were confirmed in these En1-Cre/Thy1-YFP animals.
In summary, RCs are generated in the first wave of neurogenesis from p1 progenitors, and IaINs are generated later. Larger variability in RC BrdU labeling compared to V1-IaINs suggests perhaps a narrower time window of neurogenesis.
Early V1-derived interneurons are distinguishable from later born interneurons by calbindin expression and their different positions and migration in early embryos
V1-INs leave the progenitor area as soon as the last cell cycle division is completed (Saueressig et al., 1999) . This implies possible differences between early and late born V1-INs in available migratory routes and their interactions with elements of the developing neural tube. Moreover, the timing of expression of calcium binding proteins in different populations is unclear. Parvalbumin is upregulated postnatally in some V1-INs, but calbindin expression is robust in many neonatal V1-INs (Siembab et al. 2010) , suggesting embryonic expression in more V1-INs than RCs. The types of V1-INs that express calbindin in embryo and the onset of its expression are unknown. To address these questions, we analyzed the localization of V1-INs and their calbindin content in early embryos (E9.5 to E12.5). First, we used the Thy1-YFP and Tau-LacZ reporter lines but did not consistently detect reporter expression in early embryos (data not shown). To optimize labeling, we used R26-tdTomato reporter mice (see Materials and Methods). In En1-Cre/R26-tdTomato mice V1-INs were not found at E9.5 (data not shown), but labeled cells were present at E10.5 (Fig. 4 A) . Given the ubiquitous activity of the CAG promoter and its location in the Rosa26 locus (which allows transcription from the earliest embryo stages: Soriano, 1999) , it is unlikely that lack of reporter expression in the E9.5 spinal cord is due to inactivity of the promoter. Indeed, tdTomato labeling is clearly visible in engrailed-1-positive dorsal midbrain progenitors by E9.5 (data not shown). Furthermore, some tdTomato V1-INs were located in the intermediate zone (IZ) between the progenitor and mantle layers. Neurons located in the IZ represent newborn cells exiting the progenitor region and suggest upregulation of reporter expression soon after V1-INs become postmitotic. The differences in timing between the earliest BrdU incorporation (E9.5) and genetic labeling (E10.5) are, therefore, likely related to the time necessary for cells to transition from S-phase BrdU incorporation to last cell division and then to expression of engrailed-1, Cre recombination, and reporter expression. In V2 cells a 10 h delay was estimated between S-phase BrdU incorporation, translocation to the IZ, and upregulation of postmitotic transcription factors (Peng et al., 2007) .
At E10.5 very few V1-INs were detected; these were all calbindin-immunoreactive and located close to the lateral surface of the embryonic neural tube in a narrow mid-dorsoventral plane dorsal to islet-1-positive motor pools (Fig. 4 A, E,F ) , far from ventral roots labeled with Tuj1 antibodies (Fig. 4 I, J ) . The most medial cells were in the IZ region emerging from the proliferative area and display the typical bipolar morphology of newly generated neurons. Interestingly, they already express calbindin at this stage (Fig. 4 A, F,J ) . The more lateral cells are also calbindin positive and display a unipolar morphology characteristic of migrating cells after regressing their ventricularly directed neurites. They express higher levels of tdTomato compared to the more medial bipolar cells located in the IZ region, suggesting a medial to lateral progression in maturation. Many laterally located V1-INs send a neurite ventrally toward the ventral root exit (Fig.  4 F, J ) . These neurites finish in end bulbs resembling the growth cones of spinal INs of similar age (Fig. 4 F, inset; see Wentworth, 1984a) .
The number of V1-INs increased at E11.5 and their area of distribution extended more ventrally, occupying positions both lateral and medial to islet-1 motor pools (Fig. 4 B, G,H ) . At this age, most laterally located V1-INs are calbindin positive and likely correspond with earlier born V1-INs, while newborn V1 cells in the IZ now frequently lack calbindin. Within the more mature and lateral calbindin-IR V1 cells, one group lines the lateral border of the ventral horn and seems to correspond with V1-INs that were located dorsal to the motor pools at E10.5 (Fig.  4 H) . These cells appear to migrate following their ventrally directed neurites to settle in front of the ventral root (Fig. 4 K, L) . Cells following this lateral circumferential migratory route correspond to RC precursors and support the conclusion that RCs are the first born V1 cells that appear in the neural tube. A second group of calbindin-IR V1 cells is located medial to islet-1 motoneurons and display relatively mature multipolar morphologies, suggesting that they have stopped migrating and have settled medially and away from the RC region at the ventral root exit zone. Many of these V1 cells likely represent the weakly calbindin-IR V1-INs located in LVII dorsal to the RC area at postnatal day 1 (see Siembab et al., 2010, their Fig. 3 ). These cells fully downregulate calbindin expression later in development (Siembab et al., 2010) but share with RCs an early generation and embryonic calbindin expression. V1 calbindin-IR axons are first located in the ventral funiculus at E11.5 (Fig. 4 H, L ), but at this developmental stage do not yet send back synaptic collaterals into the motor pools.
At E12 large numbers of newborn V1-INs are added in tight packets of high cellular density located in the IZ; these cells never display calbindin immunoreactivity (Fig. 4C) . Fewer newborn V1 cells are visible in the IZ at E12.5 (Fig. 4 D) . The number of non-calbindin-IR V1 cells increases from E12 to E12.5, and they become located medial and dorsal to calbindin-IR V1-INs (Fig.  4C,D) . At later embryonic ages the ventral horn grows in size by the addition of more cells, and this generates morphogenetic transformations that intermix the populations of early and late born V1-INs (data not shown). In addition, the cellular growth of lamina IX motor pools relocates the ventral root more ventromedially, and along with them the clusters of developing RCs.
In summary, calbindin is a marker of early born V1-INs, and it is upregulated soon after the cells become postmitotic at the start of differentiation. Within this early group the very first V1-INs are RC precursors and follow a unique circumferential migration around motor pools that positions them among emerging motor axons. V1-INs in the IZ after E11.5 never express calbindin and initially become positioned medial and dorsal to motor pools and earlier generated calbindin-IR V1-INs. The tiled organization of early and late born V1-INs is later disrupted by histogenetic movements, while RCs retain a tight relationship with motor axons through spinal cord morphogenesis.
Renshaw cells and Ia inhibitory interneurons express different transcription factors in the postnatal spinal cord
In a previous preliminary study it was suggested that subpopulations of embryonic V1-INs could be differentiated based on the expression of the transcription factors MafB and FoxP2 (Geiman et al., 2007) . In embryos, MafB was closely associated to RCs, while FoxP2 was present in unidentified V1-INs scattered more dorsally. Therefore, we analyzed here whether these transcription factors are respectively expressed in V1-derived RCs, and IaINs in the postnatal spinal cord. In preliminary analyses we found that MafB immunoreactivity was best detected at P0. In contrast, FoxP2 expression was similar at P0 and P5 but downregulates gradually during the second postnatal week. The analyses therefore focused at P0 (MafB) and P5 (FoxP2).
In the ventral horns of P0 spinal cords, MafB and FoxP2 are expressed in nonoverlapping V1-IN populations (Fig. 5 A, B) . Within V1-INs, MafB is present in 100% of ventral RCs (Fig.  5C-G) and also in two groups of scattered neurons that are calbindin negative at P0; one prominent group is located at the more dorsal distribution of the V1 group, the other consists of a few cells scattered ventromedially (Fig. 5 A, B) . Ventromedial cells express weaker MafB immunoreactivity. These groups contain fewer cells than the RC group. Overall, around 15% of V1-INs expressed MafB (9 -10% of V1s are RCs and 5-6% are MafBpositive non-RCs). In addition, MafB is also widely expressed in non-V1s, particularly in the dorsal horn (Fig. 5C ). In conclusion, MafB expression is not unique to RCs, but all RCs cells express this transcription factor at P0. Newly formed generated cells exiting the progenitor area (arrows in B1) are calbindin negative at this age (B2). C, E12 spinal cord. At this age there is a larger number of V1-INs exiting the progenitor area (C1), and these new V1-INs lack calbindin-IR (C2). More V1-INs are accumulated ventromedially, and these can be calbindin positive or negative (C2). D, E12.5 spinal cord. Very few or no V1-INs are exiting the progenitor area (D1) and the number of calbindin-negative V1-INs in the ventral horn has significantly increased. Many are located medial and dorsal to calbindin-IR V1 INs, but there is also significant intermixing (D2). E-H, Transverse sections of spinal cords from En1-Cre/R26-tdTomato embryos (tdTomato not shown) immunolabeled for calbindin (Cy5, white) and Islet1 (FITC, green). I-L, Similar sections from Cre-negative littermates immunolabeled for calbindin (FITC, green) and Tuj1 (Cy3 red). Islet 1 marks the position of motor pools; Tuj1 labels axonal microtubules in undifferentiated neurons including the exit region of motor axons (ventral roots; white arrows in J-L). E, I (low magnification) and F, J (high magnification) are E10.5. G, K and H, L are E11.5 respectively also at low and high magnifications. At E10.5 all calbindin-IR V1-INs are dorsal to Islet1-IR motoneuron pools (E, F ). Calbindin-IR V1-INs exiting the progenitor area have mediolaterally oriented bipolar morphologies (open arrows in F and J ). More lateral V1-INs located in the mantle layer have unipolar morphologies and send projections ventrally (arrowheads in F and J ). These projections end in bulbs similar to growth cones (inset, F ) and terminate close to the ventral root (I, J ). At E11.5, the cells that were located dorsally at E10.5 have moved laterally around the motor pools and area, becoming positioned close to ventral roots. A second group of calbindin-IR V1-INs is located medial or intermingled with motoneurons. Scale bars: A1-D1, 100 m; A2-L, 50 m.
FoxP2 is more widely expressed than MafB in the postnatal ventral horn, but fewer dorsal horn neurons express FoxP2. FoxP2 V1-INs are distributed at all dorsoventral locations, except in the Renshaw cell area and the dorsal most regions of the V1 distribution (Fig. 5 A, B, H, I ). Overall, FoxP2-immunoreactivity was found in 23% of LacZ and 33% of YFP V1-INs and in 66% of V1-derived IaINs identified in En1-Cre/Thy1-YFP animals by convergent inputs from calbindin-IR V1-derived RCs and VGLUT1-IR proprioceptors (Fig. 5 J, L) . One interpretation of these results is that only a subpopulation of V1-derived IaINs expresses FoxP2 or, alternatively, that by P5 FoxP2 immunoreactivity decreased to undetectable levels in about a third of V1-derived IaINs. Only 5% of the FoxP2 cells in the ventral horn of the spinal cord were identified as V1-derived IaINs at P5, but as pointed out above we cannot be sure about the numbers of IaINs we fail to identify by using these criteria, and therefore this percentage may be an underestimate. FoxP2 expression occurs also in many non-V1 INs; about 60% of all ventral horn FoxP2-IR cells were non-V1, and most of these were located medially in the ventral horn, away from V1 or IaIN typical locations.
In summary, in the postnatal spinal cord, MafB and FoxP2 are expressed in nonoverlapping subgroups of V1-INs and together account for ϳ30 -40% of all V1-INs (depending on animal model because of the slightly lower V1 labeling in En1-Cre/Thy1-YFP animals; see Materials and Methods and Siembab et al., 2010) . Although not unique to RCs or IaINs, MafB is expressed in all RCs while FoxP2 is expressed in a substantial number of IaINs.
MafB and FoxP2 are upregulated in the embryonic spinal cord shortly after Renshaw cell and IaIN neurogenesis
Given the distinction of postnatal V1-INs according to transcription factor content, we analyzed transcription factor expression in the embryo to (1) study their relationships with early and late V1 populations and (2) confirm the time at which these two groups of V1-INs start to diverge from each other. Very weak or no MafB-immunoreactivity was found in RCs at E10.5 or in V1-INs located in the IZ (Fig. 6 A, B) , suggesting that upregulation of calbindin is more robust and perhaps earlier than MafB in newborn V1 cells. It is unlikely that this was caused by immunodetection failures, because many motoneurons expressed robust MafB at this age and the results were confirmed with two different MafB antibodies (Table 1 ) that give identical patterns of immunostaining in the embryonic spinal cord. Our immunolocalizations are also in agreement with previous in situ hybridization surveys and a mouse model that reports MafB expression (Eichmann et al., 1997; Hamada et al., 2003) . In addition, we were able to detect MafB expression in dorsal horn INs as soon as they become postmitotic and move to the IZ (Fig. 6 I, asterisk) . MafB expression in calbindin-IR V1-INs was first reliably detected at E11.5 (Fig. 6 E, F ) . At this age MafB is clearly present in migrating RCs located at the very lateral edge of the ventral horn, as well as in a few calbindin-negative V1-INs located more dorsally, but not in the more medial calbindin-IR V1-INs. At E12 and E12.5 MafB expression is robust in RCs and is downregulated in motoneurons (Fig. 6 I, J, M, N ) .
FoxP2 immunoreactivity was not present in the E10.5 embryonic spinal cord (Fig. 6C,D) and was first detected at E11.5 in a group of packed V1-INs located in the IZ (Fig. 6G,H ) . Similar IZ newborn V1-INs expressing FoxP2 are found at E12 (Fig. 6 K, L) . At these ages, FoxP2 seems exclusively expressed by V1-INs in agreement with a recent detailed quantitative analysis (Morikawa et al., 2009 ). E12 and E12.5 contain increased numbers of FoxP2-expressing V1-INs located close to the motor pools (Fig. 6 K, L, O, P) . These cells never contained calbindin immunoreactivity, suggesting that each marker respectively identifies early and late born V1-INs. The presence of FoxP2 specifically in V1-INs that will later become IaINs could not be directly tested, because present criteria for IaIN identification are based on their synaptic connectivity, and synaptic connections are not established until later developmental times in mouse embryos. Renshaw cell calbindin-IR axons invade the ventral horn at E14 -E15 (V. Siembab and F. J. Alvarez, unpublished observations) , and Ia afferents synapse with ventral horn targets at later embryonic stages (E16-E17; Ladle et al., 2007) . The properties of IaIN precursors before this age are unknown. The present studies suggest that FoxP2, perhaps in combination with other markers, may be useful to identify V1-IaINs throughout development.
In summary, FoxP2 expression is a feature of late born V1-INs and is upregulated in these cells as soon as they become postmitotic. In contrast, MafB is upregulated in RCs during their migration toward the ventral root. This observation confirms that these populations of V1-INs start to differentiate from each other shortly after they exit the cell cycle and before they settle into their final positions and start synaptogenesis.
Discussion
The results show that V1-INs can be divided into early and late generated groups and that each group respectively includes, but not exclusively, RCs and IaINs. The early V1 group is characterized by calbindin upregulation soon after they are generated. Within this group RCs are among the first generated, specifically express the transcription factor MafB, and follow a circumferential migration that places them close to motor axons. In contrast, IaINs belong to a group of V1-INs generated later and express FoxP2. FoxP2 expression appears more widespread in the embryo than postnatally. The proportion of V1-INs expressing FoxP2 increases from 18% at E11 to 59% at E12 (Morikawa et al., 2009) , in agreement with the appearance of late V1-INs. But we found FoxP2 in fewer V1-INs at P0 and P5. A plausible interpretation is that FoxP2 is a generalized marker of late V1-INs, including IaINs, but by P0 it is downregulated in some cells.
Influence of time of neurogenesis on V1 subgroups
The results suggest that RCs are born first and are generated in a narrower time window than IaINs, implying that RCs constitute a more homogenous population produced by the first neurogenetic divisions of p1 progenitors. Temporal specification of phenotypes is not always the mechanism followed by ventral progenitors to generate diversity. For instance, the p2 domain generates excitatory V2a-INs and inhibitory V2b-INs through asymmetric divisions and Notch/Delta lateral signaling (Peng et al., 2007) . Interestingly, V2a INs in zebrafish differentiate into one type of IN, excitatory circumferential ipsilateral descending (CiD) IN, which displays functional gradations according to time of neurogenesis. Early born V2a/CiDs are large, dorsally located, and active during stronger movements such as escape or fast swimming, while later born neurons are smaller, more ventrally located, and recruited during slower and weaker sustained swimming (Kimura et al., 2006; McLean and Fetcho, 2009) . Mammalian V1-INs differ from this pattern, since RCs are generated first but are smaller and more ventrally located than later born IaINs. Moreover, V1-IN dorsoventral positions are only weakly related to generation times. The larger variety of INs generated by mammalian progenitor domains and more complex cellular intermixing obscures birth date gradations reflected in cell location. It is nonetheless interesting that mechanisms imposing positional and functional gradients within a class of zebrafish INs are used in mammals to generate distinct functional subtypes, in this case RCs and IaINs.
Differences in neurogenesis can promote diversity by several mechanisms. Fate may be determined cell autonomously depending on cell cycle number. This mechanism is akin to generation of diversity from Drosophila neuroblasts where progenitors modify their transcription factor complement after each division, influencing the fate of daughter cells produced in successive cycles (Isshiki et al., 2001 ). In the mammalian brain, single progenitors can sequentially generate different cell types by restricting their fate potential over time as demonstrated in retina (Cepko et al., 1996; Watanabe and Raff, 1990) and neocortical pyramidal cells (McConnell and Kaznowski, 1991) . These changes are accompanied by temporal changes in transcription factor expression in progenitors (Leone et al., 2008) . Similar changes can occur in ventral neural tube progenitors because of fluctuating levels of sonic hedgehog and retinoic acid during development (Maden, 2001; Ulloa and Briscoe, 2007) , as shown for example in the pMN domain, resulting in a switch from motoneuron genesis to oligodendrogenesis (Soula et al., 2001; Zhou et al., 2001 ). The mechanisms operating in p1 progenitors are unknown, but it is intriguing that some regions of the p1 domain downregulate expression of the transcription factor Dbx1 at E10 (Pierani et al., 2001) , after RC generation. Thus, changes in the p1 domain may not be induced exclusively by a progenitor time clock but also by a changing environment. At the extreme of this second interpretation, newborn cells might be induced to diversify by the environment into which they are born, independent of the status of the progenitors. These mechanisms are not exclusive, since changes in genetic determination could modify competences to respond to temporally regulated environmental influences.
One striking feature of developing RCs that seems dependent on their very early birth date is their unique migration toward motor axons in ventral roots. Migrating neurons are unipolar or asymmetrically bipolar (Wentworth, 1984a,b) , reflecting cellular movements through extension of a leading neurite followed by nuclear translocation and retraction of trailing neurites (see Noctor et al., 2001; Bortone and Polleux, 2009 ). Thus, the neurites observed at E10.5 predict the cell body positions found at E11.5. This population of ventral root-directed V1-INs represent developing RCs, and this migratory pathway places them in a unique position to interact with motor axons. Despite evidence for other possible spinal INs that could be weakly linked to motor axons (Machacek and Hochman, 2006; O'Donovan et al., 2010) , RCs remain the main intraspinal target of motor axons. Their specific circumferential migration route may be responsible for their strong relationship with motor axons and seems unavailable to later generated V1-INs. It is possible that developing RCs are endowed with specific chemotropism for ventral roots; for example, such long neurites directed toward ventral roots were not present in other V1-INs. Alternatively, all V1-INs could be attracted to the ventral root but stop medial to motor pools that may act as a barrier for IN migration. This could explain the paucity of INs in adult lamina IX. Their position medial to motoneurons places these other V1-INs in a prime location to receive inputs from Ia afferent axons that will later invade lamina IX in the same ventrolateral direction. These conclusions extend previous studies that concluded that the early migration of ventral INs (Leber and Sanes, 1995) and V1-INs (Matise and Joyner, 1997) consists in a common route of mediolateral translocation to the surface followed by ventral migration, settling medial to motor pools. By identifying various embryonic subpopulations of V1-INs, we propose that migratory routes differ. RCs follow a specific route and settle lateral, not medial, to motoneurons.
Early differential gene expression
The early differentiation of V1-IN populations is reflected not only in their migration but also in differences in transcription factor expression. MafB and FoxP2 are upregulated shortly after cellular birth. MafB upregulates in RCs during cell migration; FoxP2 is upregulated in late-generated V1-INs as they exit the progenitor zone. Moreover, early-generated V1-INs differ from FoxP2 V1-INs by the early upregulation of calbindin expression. These observations suggest that the differentiation of early and late V1-INs and their subgroups (RCs within the early group) starts at the time of birth (i.e., there is no homogeneous V1 population in the early embryo that later diversifies). Thus, time of neurogenesis is immediately translated into different V1 phenotypes, ruling out integration into synaptic circuits as a major factor determining V1-IN diversity. In fact, the final location of different groups of V1-INs in the embryonic spinal cord predicts some of their major inputs (see above). The assembly of all properties necessary for adult IN Figure 7 . Summary of Renshaw cell and V1-derived IaIN differentiation. A, At lumbar levels, V1-INs first exit the progenitor area at E10.5, upregulate immediately calbindin expression, and most appear to be Renshaw cell precursors. These cells first migrate laterally and are located dorsal to motoneurons. Once at this lateral position they extend ventral projections toward the ventral root. These ventral projections usually follow a circumferential path around motor pools at the lateral edge of the spinal cord. At this age MafB is largely expressed in motoneurons. FoxP2 is not expressed at E10.5 by any cell in the spinal cord. B, At E11.5, differentiating Renshaw cells migrate ventrally and position themselves at the motor axon exit region. At this age MafB expression is upregulated in Renshaw cells and downregulated in motoneurons. Other calbindin-IR V1-INs are located more medially to motoneurons, and these cells lack MafB. They likely develop into phenotypes other than Renshaw cells. Finally, new V1-INs exit the progenitor area at this age; these are calbindin negative and express FoxP2. Some of these "later born" V1 cells will differentiate into V1-derived IaINs. C, At E12 a large number of FoxP2-positive V1-INs are added and migrate ventrally. MafB is now expressed by all Renshaw cells. D, At E12.5 there are no more V1-INs added, and FoxP2-expressing V1-INs become located dorsal and medial to calbindin-IR V1-INs. E, During the first postnatal week, MafB and FoxP2 start to downregulate from V1-INs. At P0/P5 MafB is present in calbindin-IR V1-derived Renshaw cells that receive strong synaptic input from motor axons. These cells send projections back to motoneurons and also to other V1-INs more dorsally located. Until P5, FoxP2 expression remains in many dorsal V1-INs. Some receive convergent inputs from Ia afferents and Renshaw cells and can be defined as V1-derived IaINs. Ia afferents have invaded the ventral horn at late embryonic ages, and in their trajectory toward the motor pools they contact many V1-INs. F, At P15, Renshaw cells and V1-derived IaINs are fully matured. function is, however, a sequential process (for review, see Alvarez and Fyffe, 2007) , and some properties may arise or be refined later by mechanisms dependent on circuit formation and activity (see for example gephyrin clustering in RCs; Geiman et al., 2000; GonzalezForero et al., 2005) . RC properties like calbindin expression and localization among motor axons appear to be primary properties that appear before synaptic connections form.
The results, however, also suggest that neither FoxP2 nor MafB can be regarded as exclusive of V1-INs, IaINs, or RCs in the spinal cord. Thus, it is unlikely that these transcription factors alone control differentiation of these INs. It is more plausible that transcription factor combinations, expressed either simultaneously or sequentially, are responsible for their differentiation, as occurs during motoneuron subtype specification (Jessell, 2000; Price and Briscoe, 2004) . Similarly, motor abnormalities observed in MafB and FoxP2 knock-out animals cannot be ascribed solely to V1-IN dysfunction. MafB is involved, among other functions, in development of the medullar respiratory preBötzinger complex, and knock-outs die at birth from respiratory failure (Blanchi et al., 2003) . FoxP2 is also widely expressed in brain, and knock-out mice display an underdeveloped cerebellum, dying around P21 (Shu et al., 2001 (Shu et al., , 2005 . Future experiments using conditional alleles (see French et al., 2007) will be necessary to define the exact roles of FoxP2 and MafB in V1-INs. At present, these two transcription factors can now be used for identification of RCs and late-born cells within the V1 group.
In conclusion, our study shows some of the processes that diversify V1-INs (summarized in Fig. 7 ). V1-INs can be divided into early-and late-generated subpopulations expressing different markers. Moreover, RCs and IaINs, respectively, belong to each of these groups. Thus, the results support the idea that RCs and IaINs differentiate from each other in early embryo, the determinants being time of birth, transcription factor expression, and migration. Synaptic connections form later using sets of predetermined INs strategically positioned to receive specific kinds of inputs.
Note added in proof.
A parallel study showing similar early generation of Renshaw cells from p1 progenitors and a specific transcription factor pathway leading to MafB expression in these cells has recently been published: Stam FJ, Hendricks TJ, Zhang J, Geiman EJ, Francius C, Labosky PA, Clotman F, Goulding M (2012) Renshaw cell interneuron specialization is controlled by a temporally restricted transcription factor program. 
